Objectives-Sclerotherapy is a therapeutic method used in the treatment of varicose veins and works by occluding damaged blood vessels with a chemical solution.
V aricose veins represent a common clinical manifestation of chronic venous disease, affecting an estimated 20% of the adult western population. Varicosities have been considered a cosmetic and psychological problem for many years. However, if left untreated, they can lead to a progressive disease, causing discomfort and a decrease in quality of life, disability, and even death. 1 Several risk factors, including advanced age, sex, pregnancy, genetic predisposition, obesity, and prolonged standing, have been identified as the causes responsible for the development of varicose veins. 2 The first attempt at a sclerotherapy procedure was performed in 1682, and it currently represents the most minimally invasive and cost-effective method for the treatment of lower limb varicosities. 3 It commonly involves the injection of a sclerosing agent directly into the pathologic vein through a small needle (from 25 up to 33 gauge depending on the vein size), with the aim of damaging the endothelial lining of the vessel and causing an inflammatory reaction. A small fibrous cord eventually replaces the vein, a process known as sclerosis. 4 The success of conventional liquid procedures depends on the surfactant concentration of the injected solution and the size of the veins to be treated. 5 Sclerotherapy is most effective in the treatment of small veins (<3 mm in caliber). Efficacy is decreased in larger vessels, mainly because of dilution of the sclerosing solution in the blood and its subsequent transport away from the injection site. 6 Over the last 2 decades, this limitation has been largely overcome by transforming the therapeutic solution into a foam. The use of sclerosing solutions as foams improves the efficacy of treatment. 7 The dilution issue is reduced because the foam mechanically displaces the intravascular blood, maximizing the contact of the sclerosing agent with the endothelial wall and limiting its deactivation by blood components. 8, 9 Foam sclerotherapy requires smaller solution concentrations and volumes than liquid treatments. Physicians also use realtime ultrasound imaging feedback during the foam procedure because gas bubbles provide excellent vascular contrast.
Foam sclerotherapy reduces side effects (such as hyperpigmentation and phlebitis) that could arise with liquid injections because a smaller concentration and a lower total volume of the solution are needed to achieve the desired effect during venous treatment. 10 However, some serious adverse events such as transient ischemic attacks and cerebrovascular accidents may be related to air embolism, which occurs if relatively large gas bubbles enter into the cerebral districts, causing microvascular obstruction of normal blood flow. 11, 12 These neurologic complications are reported more often in patients with a patent foramen ovale, a medical condition with a prevalence of about 30% in the general population. The incidence of these neurologic complications is reported to be up to 2%. 13 Despite the fact that these serious adverse events are rare, the occurrences of transient ischemic attacks and cerebrovascular accidents are well documented. Indeed, the most recent European guidelines recommend reducing to as short as possible the time between the production and injection to prevent the changing of the foam safety profile.
14 If large bubbles are an important complicating factor, it seems reasonable to develop foams with smaller bubble size distributions.
At present, the most common method used for producing foams involves the mixing of a sclerosant, eg, polidocanol or sodium tetradecyl sulfate, with room air using 2 disposable syringes connected by a 3-way stopcock (Tessari method). 15 Referring to the foam's safety profile, one concern of the Tessari technique involves the lack of reproducibility and procedure standardization, being subject to many operator-dependent factors (ie, number of pump cycles, liquid-gas ratio, and pumping pressure exerted on the syringes), as well as the tools used for foam production (type of connector and syringe diameter). 16 The aim of this article is to present an alternative technique for preparing sclerosing foams using 20-kHz ultrasound, in an attempt to reduce the bubble size distribution, and to compare the bubble distribution to that of the Tessari method and a mechanical agitation technique. We investigated the effect of various pulsed ultrasonic modes on foam generation using different solution concentrations. The foam temperature was monitored or controlled in the experiments. The properties of sonicated foams (stability and bubble distributions) were compared to those of foams produced by the Tessari method as well as mechanical agitation (4300 oscillations per minute).
Materials and Methods

Foam Preparations
Therapeutic foams with a superior safety profile in terms of bubble size may reduce serious neurologic complications reported in sclerotherapy applications. Three methods for foam generation were compared. Handmade foams were always produced by the same operator adopting the common clinical practice using 2 5-mL Luer lock syringes (B. Braun, Melsungen, Germany), a 3-way stopcock (B. Braun), and a 1:4 liquid-air ratio. For each foam preparation, the valve was turned to a 908 position, and the plungers of both syringes were moved completely forward and backward 20 times.
A conventional mechanical agitator (CapMix; 3M ESPE, Seefeld, Germany) with an agitation speed of 4300 oscillations per minute was also used to generate sclerosing foams. The device has a maximum mixing time of 60 seconds. Foams were produced by using different mixing times (from 5 seconds up to 1 minute) and liquid-gas ratios (1:1 and 1:2 ratios of solution to air). The maximum volume of the agitated capsules was 1.5 mL.
Foam production using low-frequency (20-kHz) ultrasound consisted of sonicating a 1-mL volume of different solution concentrations (0.5%, 1%, 2%, 3%, and 4%) from 5 seconds up to 5 or 10 minutes in an open glass vial (17-mm diameter and 38-mm height), using various acoustic pulse parameters (duty cycles of 30%, 40%, and 50%, continuous wave mode, and total sonication time). Ultrasonic energy was generated by a VibraCell sonicator (Sonics & Materials, Inc, Newtown, CT), which has a frequency of 20 kHz and variable output power. A probe with a diameter of 3 mm was inserted into all sample preparations for processing. The electric power amplitude was set to the maximum setting of 200 W for all experiments, as the highest power settings generated the smallest bubble size distribution for all conditions.
Sclerosing Agent
The chemical agent used most often for treatment of varicose veins is polidocanol, distributed from the same manufacturer (Kreussler Pharma, Wiesbaden, Germany) under the trade names of Aethoxysklerol and Asclera in Europe and the United States (approved by the US Food and Drug Administration in 2010), respectively. Aethoxysklerol or Asclera is composed of pure water, polidocanol, and small amounts of 96% ethyl alcohol. Disodium hydrogen orthophosphate and potassium dihydrogen orthophosphate are added to adjust the pH in the range of 6.5 to 8.0. Polidocanol (Lauromacrogol 400) is a nonionic surfactant representing the active pharmaceutical ingredient of the therapeutic solution. It is miscible in water and has a melting point of 158 to 218C, a pH of 6.0 to 8.0, and a density of 970 kg/m 3 at room temperature. 17 The sclerosant is commercially available in different strengths depending on the vein size to be treated. We used clinically relevant 18 concentrations of 0.5%, 1%, 2%, 3%, and 4%, which correspond to 10, 20, 40, 60, and 80 mg of polidocanol, respectively, in an ampoule of 2 mL of injecting solution.
Bubble Sizing Method
After foaming, bubble size distributions were measured by the 2-dimensional acquisition method. 19 Specifically, microscopic images were created by depositing a small amount (50 lL) of fresh foam between two coverslips.
The images were acquired with an inverted microscope (CK40; Olympus Optical, Tokyo, Japan) equipped with a 34 objective and a charge-coupled device camera. The time needed to place each foam sample between the coverslips and acquire good-quality images was about 15 seconds.
Image processing was performed by the opensource software ImageJ (National Institutes of Health, Bethesda, MD) to identify the foam bubbles and to calculate the area. This process was done by setting a binary threshold level of 140 so that all pixels below that level turned white. As a consequence, the images contained a black circular area with a slight white edge thickness. All sizing measurements were performed by using the internal diameter. Bubble size distributions of foams were then determined by the ImageJ program in an automatic way, using the "analyze particles" section.
Calorimetry
For the ultrasonic foaming technique, the reported electrical power does not provide information about the actual acoustic energy delivered to the solution. The calorimetric method offers a crude way of estimating the acoustic intensity by measuring the change in the solution temperature during ultrasound exposure. A major assumption is that ultrasound propagates into an adiabatic system, and all of the acoustic energy eventually leads to heating of the solution. As mentioned previously, we used a Vibra-Cell ultrasonic processor (Sonics & Materials, Inc) with a 3-mm-diameter horn, which was excited at 20 kHz. The electrical power of the processor was set at 200 W for all experiments, but the duty cycle (actual on time) was varied from 30% up to the continuous wave mode. The temperature of the liquid was measured before and after ultrasound exposure by a K-type thermocouple (Fluke 52; Fluke Corp, Everett, WA). The volume of the test liquid medium (10 mL of pure water) was stirred gently with a magnetic bar during ultrasonic irradiation to help distribute the heat.
The spatial-average temporal-average acoustic intensity (I SATA ) was calculated from the following equation 20 :
where m and c p are the mass (g) and the heat capacity (J g 21 K
21
) of the liquid medium, respectively; A is the surface area of the ultrasound source (cm 2 ); and dT/dt is the rise temperature as a function of the time treatment (K s
). The mass was calculated by the volume and density of water.
Foam Stability
Sclerosing foams consist of gas bubbles trapped in a liquid film network and stabilized by surfactants. Liquid foams are nonequilibrium systems and irreversibly evolve in time by 3 major processes 21 : (1) drainage, in which gravity and capillary pressure force the liquid to drain downward through the channels between bubbles; (2) coalescence, in which drainage causes thinning of the films that separate adjacent bubbles; after a critical dimension is reached, the film between two bubbles can break, leading to the joining of these bubbles into a larger one; and (3) coarsening, in which gas diffuses from smaller bubbles to bigger ones. The result is an increase in the average bubble size as the foam evolves in time.
The main limiting factor of foam instability is gravitational drainage. 22 The time required to reduce the foam to half its initial liquid volume, or half-life, was used as a measure of stability in this study. During the temporal evolution of foams, the liquid drainage involves the formation of an interface between the liquid phase at the bottom and bubbles rising to the top of the container. The bottom of the concave meniscus of this interface was used as a reference measuring point in all experiments. For foams generated by ultrasound, each measurement was performed after removing the sonicator probe from the glass chamber.
Foam Temperature
Studies were performed at approximately 228C, which is approximately the same room temperature at which physicians make sclerosing foams for treatment of varicose veins. In some studies, the temperature was controlled by using a water bath, with the aim of analyzing its effect on the foam half-life in presence or absence of inorganic salts in the sclerosing solution. A K-type thermocouple (Fluke 52) was used to monitor the solution temperature before, during and after sonication. 
Results
Each experiment was performed in triplicate using a fresh solution, and the results are expressed as mean 6 standard deviation. Initial studies were performed with low (0.5%) and high (3%) sclerosants, which are commonly used by physicians to treat different vein sizes, to determine the minimum sonication parameters that produced foams and the evolution of the foam stability with various parameters. Figure 1 provides a half-life comparison for foams generated from different concentrated solutions (0.5% and 3%) using pulsed or continuous wave ultrasound at a starting temperature of 228C. No effort was made to control the temperature for this initial phase. The minimum duty cycle (percentage of on time) for producing foams was found to be 30%. However, the stability of these foams for short ultrasound exposures was difficult to measure because the liquid drainage was too fast ( Figure 1A ). In general, improvements to stability were observed with an increasing duty cycle and with the more concentrated solution. The maximum foam stability (100 seconds) was found by sonicating the 3% solution in the continuous wave mode for 10 seconds ( Figure 1C ). Ultrasonic energy is absorbed as it propagates, causing the temperature to rise in the propagation medium. As reported previously, 23 the foam stability can be substantially affected by the temperature because of the change in the liquid drainage rates. The corresponding change in temperature for different experimental conditions is shown in Figure 2 . The highest change in temperature was found in the continuous wave regimen after 5 minutes of sonication, with maximum values of about 788C and 578C for the 3% and 0.5% solutions, respectively. Except for the lowest duty cycle, the change in temperature depended on concentration of the sclerosing agent, with the highest change corresponding to the highest solution concentration. Figure 3 shows the foam half-life at a controlled temperature (228C) using the 3% solution and a 40% duty cycle, which was the best acoustic setting for keeping the temperature constant by using a water bath during the foaming process. Foam stability appears to reach a steady state after peaking at around 40 seconds. These experiments were made to investigate the role of temperature on the foam half-life in more depth, with the aim of better understanding the peak in stability that we observed in the measurements when the temperature was not controlled (Figure 1) .
Measurements at the controlled temperature (258C) were also made to observe whether inorganic salts (disodium hydrogen orthophosphate and potassium dihydrogen orthophosphate), which are dissolved in the commercially available sclerosing solutions, could affect the foam stability (Figure 4) . Experimental results showed that the presence of the salts in the solution did not modify the foam half-life.
The acoustic intensity in water was estimated by calorimetry at different duty cycles for a device setting of 200 W. The measurements suggested that the acoustic intensity ranged from 3 W/cm 2 at a 30% duty cycle up to about 70 W/cm 2 in the continuous wave mode. Additional studies of solution concentrations (0.5%, 1%, 2%, 3%, and 4%) were performed in the continuous wave mode for a fixed sonication time of 10 seconds. We included a 4% solution because our studies ( Figure  1) showed that higher concentrations increase foam stability. Figure 5 shows increasing stability with the concentration of the sclerosing agent. A maximum stability value of about 110 seconds was found with the 4% solution in this case.
Foam stability with a mechanical agitation method is shown in Figure 6 , in which a mixing device (CapMix) was used to generate foam with the 3% sclerosing solution. The foam half-life depends on the liquid-gas ratio, which is present in the vial during foam generation (Figure 6 ). Maximum stability (126.8 6 2 seconds) was found by agitating the solution for 10 seconds and using 1 part liquid and 2 parts air. The foam temperature (results not shown) remained relatively constant (not varying more than a couple of degrees) up to 1 minute of mixing, and it was not affected by the liquid-gas ratio.
Bubble size distributions were compared for foams produced with 4% solutions using 20-kHz ultrasound, mechanical agitation, and the Tessari technique (Figure 7) . The highest concentrated solution was used for sizing experiments because we wanted to investigate bubble distributions of more stable foams. Generally, higher stability involves foams with smaller bubbles because they slow down liquid drainage. 24 Experimental results showed that the Tessari method generated foams with maximum bubble sizes of less than 410 lm in diameter. Little improvement was achieved with the mechanical agitator (maximum bubble size, <325 lm). The ultrasonic technique did not create bubbles greater than 140 lm. Ultrasound also generated a smaller bubble size distribution compared to the other investigated techniques. The measurements of bubble distributions were repeated for different foam samples with the following results: 98% of the bubble population was less than 55 6 10 lm for sonicated foams (mean, 19 6 1.8 lm; maximum bubble size, <138.3 6 32.5 lm), 196.7 6 38.2 lm for mechanically agitated foams (mean, 37.1 6 10.6 lm, maximum bubble size, <350 6 70.9 lm), and 211.7 6 20.8 lm for handmade foams (mean, 30.8 6 3.8 lm; maximum bubble size, <445 6 32.8 lm).
To summarize, sonicating the sclerosing solutions generated the smallest bubbles (20 lm), a factor of 2 times smaller than mechanical agitation and a factor of Figure 6 . Stability data for foams produced by agitating 3% liquid solutions at a specific mixture speed (4300 oscillations per minute). Different liquid-gas ratios and mixing times were tested. Data are presented as mean 6 SD. 1.6 times smaller than the handmade Tessari method. Furthermore, the maximum bubble size for sonicated solutions, 138 lm, was 3 times smaller than that of the clinically used Tessari method. These results show that low-frequency ultrasound can produce much smaller bubbles, which may provide some level of protection against neurologic effects.
Discussion
Foam sclerotherapy has recently developed into a promising therapeutic technique for the treatment of varicose veins. However, some serious adverse neurologic complications are well documented. The still "active" foam bubbles may continue to damage endothelial linings of cerebral vessels. Alternatively, even without a coating of active surfactant molecules (as a consequence of experimental in vitro studies reported in the literature 8, 9 ), the bubbles may occlude vessels and cause an ischemic event. Although the exact causes of neurologic complications are unclear, a plausible explanation for ischemic events is related to paradoxical gas embolism, in which inactive gas emboli may arterialize, leading to physically occluded cerebral vessels. 11 This process suggests a need to reduce the bubble size distribution of the foam. Currently, there is much variability in the foam properties associated with the most common preparation technique (Tessari method). 25 The aim of this study was to produce foams from sclerosing solutions with a smaller bubble distribution compared to the Tessari technique. Such a foam should limit the cerebrovascular issues reported by physicians, and at the same time, it may improve the efficacy of the treatment because of a greater contact area between bubbles and the endothelial wall.
Low-frequency ultrasound (20 kHz) was investigated as a mechanism for producing smaller bubble size distributions in the foam. Polidocanol was the chemical agent selected for our experiments because it is the sclerosing agent widely used for clinical applications. 6 Its lower cost compared to sodium tetradecyl sulfate was another reason for our choice. Several factors were investigated, such as solution concentration, pulse on-time percentage (or duty cycle), total treatment time, and temperature control. In general, stability increased with the solution concentration (Figure 1 ). We hypothesize that higher concentrations of a surfactant can coat the bubbles more fully, leading to increased stability. This effect is suggested in the data of Figure 5 , for which additional studies of foam stability were performed with additional solution concentrations.
For all studies, we set the ultrasound horn power level to its highest setting. This maximum power level generated the smallest bubble size distributions. We speculate that the higher power generates more violent cavitation, and these bubbles fragment into smaller daughter bubbles, leading to smaller size distributions.
Initially, the temperature was not controlled. However, the longer duty cycles showed a peak in stability ( Figure 1 , B and C), followed by a reduction to a steadystate value. For example, at a 50% duty cycle, the foam half-life was maximized after about 40 seconds of sonication time. In the continuous wave mode, the peak in stability occurred at around 10 seconds. To better understand the observed peak, we then controlled the solution temperature at 228C using a water bath during sonication. With temperature control (Figure 3) , the stability curve was much more consistent, with a much smaller variation in the half-life. Although the temperature was controlled, the gas concentration in the solution, which is a function of temperature, was not controlled or monitored. Nevertheless, 3 phases exist: an initial transient phase, an "overshoot" phase associated with a maximum in stability, as measured by the foam half-life, and a slight reduction in stability to a steadystate phase (Figure 3) . The transient phase is most likely due to the initial creation of bubbles, whereas the steady-state phase is probably due to an interplay between bubble creation and bubble fragmentation into daughter bubbles.
The temperature was measured for foams generated by using different pulsed modes and solutions ( Figure  2 ). At higher duty cycles, larger temperature rises occurred with greater concentrations of the sclerosing agent. As reported in the literature, 26 the viscosity of sclerosing foams increases with the solution concentration (from which foams are produced). Therefore, we hypothesize that the higher temperatures observed with the 3% sclerosant are a consequence of the increased heat dissipation due to greater bulk viscosity.
There is experimental evidence in the literature that the addition of inorganic salts could potentially interact with nonionic surfactants and affect the stability of foams. 27 Generally, the effects of inorganic salts on the foam half-life depend on the types and concentrations of electrolytes dissolved in the solution and the nonionic surfactant used. As far as we know, there is no scientific work in which the effects of monopotassium phosphate and disodium phosphate on polidocanol were investigated. A comparison between foam produced with and without salts at a controlled room temperature was evaluated, showing that the presence of salts in the liquid solution did not affect the foam half-life (Figure 4) .
The actual acoustic intensity delivered to the solution was unknown. To provide a rough estimate of the acoustic intensity, a calorimetric method common for these types of devices was used. The calorimetric method assumes that the ultrasound propagates and is absorbed in liquids. Foams are not suitable media for making these acoustic measurements. Water was used to perform the calibration. 28 Although the calorimetric method applied in water does not provide the same acoustic energy released during the foaming process, this method can give an idea of the equivalent acoustic intensities generated at different pulsed ultrasonic modes. As mentioned in the text, the acoustic intensity ranged from 3 W/cm 2 using a 30% duty cycle up to about 70 W/cm 2 in the continuous wave mode. The continuous wave ultrasonic mode and 10 seconds of treatment time represent the best conditions in terms of the foam half-life (Figure 1 ). The stability was also investigated by sonicating other solution concentrations using the same acoustic setting. The maximum stability was about 110 seconds for foams generated from the 4% solution, a similar half-life value as that of handmade foams. 7 For comparative purposes, foams were also produced by using a mechanical agitator with a frequency of about 72 Hz. The foam half-life was measured as a function of the mixing time, at 1:1 and 1:2 ratios of solution to air (Figure 6 ). Experimental results showed that the amount of gas dissolved inside each capsule strongly affected the stability. The half-life almost doubled when using 1 part of liquid and 2 parts of air compared to the 1:1 case. The foaming process using the mechanical agitator did not show a distinguishable transient phase in terms of the half-life compared to the case in which ultrasound was used. The changing of the stability curves as a function of the mixing time is relatively gentler, likely because the foam temperature was found to be almost constant during the agitation process.
The half-life of liquid foams is strongly affected by the foam's bubble size distribution. 24 The enhanced stability is due to a decrease in bubble size, creating a higher-density network of channels inside foams and, hence, slowing liquid drainage. Because of the existing correlation between stability and bubble size, and because our purpose was to produce a foam with small bubbles, the 4% solution was selected as the best candidate to generate foams. Optical investigation using transmitted light microscopy was performed to analyze the bubble size distributions of sclerosing foams produced by low-frequency (20-kHz) ultrasound, mechanical agitation, and the Tessari technique (Figure 7) . Bubble size distributions were measured from microscopic images of a monolayer of bubbles created by sandwiching a fresh sample of foam between two coverslips. Ultrasound produced foams with a smaller bubble distribution compared to those generated by the other techniques. These results demonstrate that ultrasound can potentially produce sclerosing foams with a better safety profile. The reduction in size should reduce gas emboli, as smaller bubbles dissolve faster and, if not, occlude smaller vessels.
The goal of this work was to demonstrate the potential of ultrasound for producing therapeutic foams with properties that would increase the safety of the current foam treatment most often used in sclerotherapy applications. Ultrasound generates smaller bubble sizes, which may lower the incidence of neurologic side effects. Our results suggest a parameter space for developing an ultrasonic system into a clinical device that would quickly and efficiently produce the desired foams.
In conclusion, therapeutic foams have been found to be more efficacious in the sclerosis of varicose veins compared to liquid treatment. Although rare, the occurrence of serious neurologic complications after foam injections does exist. An alternative technique, 20-kHz ultrasound, was investigated for foam preparation. The bubble size distribution generated with ultrasound was smaller than that of foams produced by the Tessari and mechanical agitation techniques. Foams with smaller bubble size distributions may reduce neurologic events, increasing the safety of foam sclerosis treatment.
